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Puschino, RussiaABSTRACT We investigated the phenomenon of ultrasonic cleavage of DNA by analyzing a large set of cleavage patterns of
DNA restriction fragments using polyacrylamide gel electrophoresis. The cleavage intensity of individual phosphodiester bonds
was found to depend on the nucleotide sequence and the position of the bond with respect to the ends of the fragment.
The relative intensities of cleavage of the central phosphodiester bond in 16 dinucleotides and 256 tetranucleotides were deter-
mined by multivariate statistical analysis. We observed a remarkable enhancement of the mean values of the relative intensities
of cleavage (cleavage rates) in phosphodiester bonds following deoxycytidine, which diminished in the row of dinucleotides:
d(CpG) > d(CpA) > d(CpT) >> d(CpC). The cleavage rates for all pairs of complementary dinucleotides were significantly
different from each other. The effect of flanking nucleotides in tetranucleotides on cleavage rates of all 16 types of central dinu-
cleotides was also statistically significant. The sequence-dependent ultrasonic cleavage rates of dinucleotides are consistent
with reported data on the intensity of the conformational motion of their 50-deoxyribose. As a measure of local conformational
dynamics, cleavage rates may be useful for characterizing functional regions of the genome.INTRODUCTIONThe earliest observations ofDNAultrasonic fragmentation in
aqueous solution were reported in 1952 (1). It was found that
the viscosity of DNA solutions decreased with exposure to
sonic waves, whereas the optical density at 260 nm remained
unchanged. Subsequent analyses have shown that ultrasound
irradiation of DNA solution leads to the cleavage and forma-
tion of double-stranded oligonucleotides of various lengths
with a phosphorylated 50-end and a hydroxyl group at the
30-end (2–5). Experiments have also shown that ultrasonic
cleavage of DNA represents a mechanochemical reaction
induced by cavitational processes in irradiated solution (6).
Recent polyacrylamide gel (PAAG) electrophoresis stud-
ies of solutions containing 30-end-labeled double-stranded
DNA fragments treated with 44 kHz ultrasound revealed
that the intensity of cleavage at a given position depends
on the nucleotide sequence and occurs predominantly at
the 50-CpG-30 dinucleotide (7), thus establishing the effects
of sequence on ultrasonic cleavage.
The DNA nucleotide sequence determines favorable
conformational states, as well as the dynamics and flexi-
bility of those states (8–12). This property of DNA is cru-
cial for protein-DNA and drug-DNA recognition (13–16).
Various modes of protein-DNA recognition are based on
the internal sequence-specific flexibility of DNA (17,18).Submitted August 15, 2010, and accepted for publication October 19, 2010.
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have been obtained by various experimental methods, includ-
ing crystal structure data sets (10,11,19), NMR, and Fourier
transform infrared and Raman spectroscopy (12,20). The
sensitivity of extensive DNA fragments to nonspecific nucle-
ases has resulted in experimental data regarding their bend-
ability (21,22), and the irregularity of accessible surface
areas of the hydrogen atoms of the DNA backbone has been
detected by oxidative strand scission (23–25).
Ultrasonic cleavage analysis is a new method for study-
ing the sequence-dependent properties of lengthy DNA frag-
ments (26,27). To conduct a comprehensive study of the
sequence-dependent ultrasonic cleavage ofDNA,weanalyzed
a large experimental data set covering ultrasonic cleavage ob-
tained by sonication of 30-end-labeled double-stranded restric-
tion fragments of known sequences. All notations correspond
to standard descriptions of DNA and RNA structures (28).MATERIALS AND METHODS
Restriction fragments of DNAwere generated by digestion of lDNA (Sibe-
nzyme, Novosibirsk, Russia) and plasmids pBR322, pUC18, and pGEM7
(fþ) (Promega), and their modified analogs, which contained different inser-
tions into the polylinkers by the corresponding restriction endonucleases.
The fragments were 30-end-labeled with [a-33P]dATP, [a-33P]dCTP, or
[a-32P]dATP (FGUP Institute of Reactor Materials, Zarechnii, Sverdlov-
skaya oblast, Russia) in the presence of the unlabeled other dNTP and
the Klenow fragment of Escherichia coli DNA-polymerase I (Sibenzyme).
The DNA fragments were isolated by nondenaturing PAAG in a 1-mm-
thick 5% gel with subsequent elution and precipitation (29).Sonication of DNA fragments
For sonication, 10mLofDNA fragments (~104 Bq) inwaterweremixedwith
10mL of 0.2MNaOAc, pH 6.0, in the bottom of a thin-walled polypropylenedoi: 10.1016/j.bpj.2010.10.052
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final concentration of the fragments was 5–10 mg/mL (~10 mM basepair).
The test tubes were placed in a Teflon ring that contained a central slot
(15 mm in diameter) and radial slots for the test tubes. The test-tube ends
were located ~0.5 cm below the horn sonicator edge, which had a diameter
of 12 mm. The ring and horn sonicator were placed in a vessel with water
and crushed ice (see Fig. S1 in the Supporting Material). Ultrasound was
generated by a 300 W generator UZDN-2T (Ukraine) with a frequency of
22 kHz using the maximum power output. The sonication was adjusted
in continuous operation mode at 1-min intervals, and after each interval
the ring was turned 180 and fresh ice was added. The ultrasonic power ex-
erted on the system was determined calorimetrically and exceeded 60W. To
obtain rough measurements of the chemical effects induced by cavitation
inside the tubes, we used a test tube containing 0.05 M KI in 0.025% starch
solution. After 8 min of irradiation, the coloration extent was equal to that
obtained by adding ~0.1 mM of hydrogen peroxide. This yield is compa-
rable to reported results obtained under normal temperature conditions
and with ultrasound intensity exceeding 2 W/cm2 (30). It is worth noting
that both low ultrasound frequency and low temperature conditions are
known to increase the power of cavitational effects (6).Separation of DNA fragments in denaturing gel
After sonication was completed, the samples were combined with 180 mL
of a solution containing 0.15 M NaCl, 50 mM Tris-HCl (pH 7.5), and
10 mM EDTA. The samples were then extracted with phenol. The DNA
was precipitated with ethanol, washed with 70% ethanol, dried, and dis-
solved in 1 mL of 95% formamide (which contained 15 mM EDTA (pH
8.0), 0.05% bromphenol blue, and 0.05% xylencyanol FF). It was then
heated for 1 min at 90C, rapidly cooled down to 0C, and applied on dena-
turing PAAG (length: 40 cm; gradient width: 0.15–0.45 mm).
Electrophoresis was carried out for 55 min (100 W, 2500 V) at 60–70C.
Afterward, the gel was fixed in 10% acetic acid and dried on a glass plate pre-
treated withg-methacrylpropyloxysilane (LKB, Sweden). The dried gel was
exposed to a luminescent screen and then scanned with a Cyclone Storage
Phosphor System device (Packard BioScience). Cleavage pattern bands
were assigned to particular nucleotide sequences of fragments by comparison
with the lanes of AþG track DNA samples. The nucleotide sequences and
other supplementary materials are available at http://grok.imb.ac.ru/en/.FIGURE 1 Cleavage pattern of DNA fragments in 6% denaturing PAAG
after irradiation with ultrasound (22 kHz). Lanes 1 and 18: Chemical
cleavage by purines. Lanes 2, 7, and 13: Sonication of fragments for
2 min. Lanes 3, 8, and 14: Sonication of fragments for 2 min in the presence
of 50% glycerol. Lanes 4, 9, and 15: Sonication of fragments for 4 min.
Lanes 5, 10, and 16: Sonication of fragments for 8 min. Lanes 6, 11, and
17: Sonication of fragments for 16 min. Lane 12: Sonication of fragments
for 16 min in the presence of 0.5 M tiourea.Gel analysis
To analyze the gels, we used the SAFA package (31) to align the gel lanes,
calculate the overall intensity of each band, and correlate the band sequence
with the corresponding nucleotide sequence. Band intensities are sensitive
to various parameters of the experiment. To account for such effects, it was
important to calculate the normalized values of cleavage intensities. The
absolute value of an individual band’s intensity, or cleavage intensity, is
denoted as I, and the normalized value, or relative intensity of cleavage,
is denoted as R. We normalized the band intensities by dividing their values
by the local basic band intensity values, which were determined by using
the moving-average method separately for each band (i.e., the intensity
of each band was divided by the mean value calculated using the intensities
of a number of adjacent bands). The optimal number of adjacent bands used
for the mean intensity calculation has been shown to be 31. Lowering this
number results in an increased scattering of data points, whereas increasing
the number of adjacent bands does not change the ratio of the obtained rela-
tive intensities of cleavage but does lead to a decrease in the number of
analyzed data points.RESULTS AND DISCUSSION
Fig. 1 demonstrates the gel image obtained after sonication
of the DNA fragments for various periods of time. ThisBiophysical Journal 100(1) 117–125image represents the results of ultrasonic irradiation of three
fragments that differed in initial length (311, 251, and 218
basepairs, respectively) but shared the same basepair
sequences. The left part of the gel contains lanes that
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The central part represents lanes corresponding to cleavage
of the middle-sized fragment (lanes 7–12), and the lanes at
the right side of the gel demonstrate the cleavage patterns of
the shortest fragment (lanes 13–17). It is clear that
increasing the irradiation time from 2 to 16 min leads to
a sufficient increase in overall cleavage intensity for all
three types of fragments. Fig. 1 also demonstrates that the
addition of tiourea has no visible effect on the cleavage
patterns (lanes 11 and 12). The same result was obtained
when free radical scavengers (dithiothreitol and sodium
ascorbate) were added to the irradiated solution (data not
shown). On the other hand, adding 50% glycerol, which
increased the viscosity of the solution by roughly 10-fold,
led to a significant increase in cleavage intensities (lanes
3, 8, and 14). The cleavage patterns obtained by adding
glycerol are similar to those obtained without it but with
a longer irradiation time. Thus, increasing the viscosity of
the solution leads to an overall increase in cleavage intensity
but does not affect the relative intensities of cleavage. This
dependence of the ultrasonic cleavage intensity on the
solution viscosity is one of the distinctive features of a mech-
anochemical reaction (6).
Fig. 1 also demonstrates the positional effect (i.e., the
damping of ultrasonic cleavage) at sites that are closer to
the ends of the DNA fragments. Accordingly, the darkest
bands of the cleavage patterns that give the highest values
of cleavage intensity correspond to breakages at the central
part of the DNA fragments. This relevant feature of ultra-
sonic cleavage patterns of DNA also supports the idea of
mechanochemical nature of the cleavage process observed
in our experiments.
The significant role of the positional effect and the minor
influence of free radical scavengers on the observed cleavage
patterns lead us to conclude that the cleavage of DNA induced
by free radicals in solution was negligible in our experiments.
The distinctive features of free radical cleavage ofDNAon the
gel (i.e., the emergence of overall cleavage background with
nopositional preference)wereobservedonly at higher temper-
ature conditions (>25C; data not shown).
Fig. 2 presents the results of the gel digitization. Profiles
of the intensity of cleavage (I) for several lanes of Fig. 1 are
shown. Profiles of the relative intensity of cleavage (R)
calculated for 2 lanes by normalization procedure (which
eliminates the positional effect) are given below the inten-
sity profiles. The values of the relative intensities of
cleavage along with the corresponding local nucleotide
sequences are used as the input data for a statistical analysis
of sequence effects on ultrasonic cleavage of DNA.
We analyzed the cleavage patterns for 48 different radio-
labeled DNA restriction fragments with lengths ranging
from 100 to several thousand basepairs from l-phage DNA
and plasmids pBR322, pUC18, and pGEM7(fþ) (Promega),
and their modified analogs, which contained different inser-
tions into the polylinkers. For statistical analysis, we usedthe central parts of the gels where the bands were clearly
separated. Because experiments with the same sequences
showed some data scattering, these experiments were
repeated two or three times. It should be noted that 1–2%
of the greatest intensities, as well as 1–2% of the lowest
intensities, were out of scope in the statistical treatment.
The first group of excluded values (i.e., the greatest intensi-
ties) came from gel defects or foreign fragments (an
example of such a defect is clearly seen in the lower-left
corner of Fig. 1), whereas the second group (the lowest
intensities) results from incorrect approximation of the over-
all band intensity value due to its curvature or overlap with
neighboring band (such overlaps can also be seen in the
upper part of the lanes shown in Fig. 1).Statistical analysis
To analyze the dependence between the nucleotide sequence
and the relative intensity of ultrasonic cleavage (R) of the
central phosphodiester bond in all possible di- and tetranu-
cleotides, we used analysis of variance, nonparametric
methods (i.e., the Kruskal-Wallis test and Brown-Mood
test (32)), and multiple-comparison methods (i.e., Student’s
t-test, Tukey-Kramer test, and Dunn test (32)). We noted
that the nonparametric analysis yielded the same results as
the parametric analysis.
The results from statistical treatment of the 20,588 relative
cleavage intensities for each of 16 dinucleotides are listed in
Table 1 and Fig. 3, and Table S1 and Fig. 4 show the intensi-
ties for 256 tetranucleotides. The mean values of the relative
cleavage intensities, or cleavage rates, of the dinucleotides
were not significantly different from the corresponding
values from a previous study (26) in which the total length
of the analyzed sequences was ~2500 nucleotides.
The effect of the dinucleotide type on the cleavage rate
was statistically significant (p << 0.05). Moreover, there
was a significant difference between the cleavage rates at
complementary dinucleotides. Therefore, cleavage of
particular phosphodiester bond does not always result in
cleavage of the opposite phosphodiester bond in the comple-
mentary strand.
Of importance, the cleavage rates at dinucleotides
d(CpC), d(CpT), d(CpA), and d(CpG) are significantly
different from each other and also different from the
cleavage rates obtained for all other dinucleotides. The
cleavage rate of dinucleotide d(CpG) was the highest of
all 16 dinucleotides.
Our analysis of the dependence of nucleotide type on the
ultrasonic cleavage rate at the 30-position in all four groups
of dinucleotides leads us to conclude that this dependence
was significant in each group (p << 0.05).
The results of the statistical analysis of the relative
cleavage intensities of the central phosphodiester bond
in tetranucleotides (Fig. 4 and Table S1) reveal the context
dependence of cleavage rates in dinucleotides.Biophysical Journal 100(1) 117–125
FIGURE 2 Pattern of lanes obtained by com-
puter digitization of the gel band densities. Histo-
grams correspond to lanes in Fig. 1. The upper
plot represents the profile of intensity of cleavage
(I) for lane 6 and is followed by the same type of
profiles built for lanes 11 and 17. The last two plots
represent profiles of the relative intensity of
cleavage (R) for lanes 17 and 6, obtained by
the moving-average method, to demonstrate the
normalization procedure described in Materials
and Methods.
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and dN4 for all tetranucleotides d(N1pN2pN3pN4) on
their ultrasonic cleavage rates, for each of 16 variants
of the central dinucleotides d(N2pN3), and found that
this effect was statistically significant in all 16 groups of tet-
ranucleotides. The cleavage rates corresponding to tetranu-
cleotides d(GpCpApG), d(GpCpGpA), d(GpTpApG), and
d(GpTpTpA) were maximal for four groups of tetranucleo-
tides (d(N1pCpApN4), d(N1pCpGpN4), d(N1pTpApN4), and
d(N1pTpTpN4), respectively).What physical processes in aqueous solution
under sonication lead to DNA cleavage?
The ultrasonic cleavage of DNA reported here is most likely
the result of hydrodynamic shearing stresses caused by the
collapse of cavitation bubbles (6,33). Their collapse resultsBiophysical Journal 100(1) 117–125in a drastic increase of local temperature and pressure
(30,34,35). The critical size of the bubbles weakly depends
on the sound frequency in a wide frequency range. Shearing
forces that act on the DNA fragments are thought to origi-
nate from high-velocity gradients of water near the col-
lapsing bubble. It is known that in the case of asymmetric
collapse, the velocity of the microjets can values of
>100 m/s (33), whereas the theoretical value of the
bubble’s interface velocity in the case of symmetrical
collapse might exceed 200 m/s (6). High-velocity gradients
in the streaming solution may cause mechanical deforma-
tion of the molecule by friction forces. Thus, the observed
cleavage of DNA fragments most likely represents a
complex mechanochemical process, which includes
mechanical deformation of the molecule before the actual
chemical reaction takes place (6). Because cavitational
flows are accompanied by turbulence, any mathematical
FIGURE 3 Mean values of the relative intensity of cleavage (cleavage
rates) for all dinucleotides, and 95% confidence limits for the population
mean. Symbols: -, :, >, B–mean value; I 95% confidence limits for
the population mean.
TABLE 1 Sample characteristics of ultrasonic cleavage rates
for dinucleotides
N R S SR
95% confidence limits
Lower limit Upper limit
AA 1636 0.919 0.129 0.003 0.913 0.926
AC 1076 0.913 0.128 0.004 0.905 0.920
AG 1028 0.900 0.124 0.004 0.892 0.907
AT 1374 0.904 0.119 0.003 0.898 0.910
CA 1265 1.160 0.209 0.006 1.149 1.172
CC 1141 1.007 0.144 0.004 0.999 1.015
CG 1230 1.444 0.334 0.010 1.426 1.463
CT 1077 1.130 0.198 0.006 1.118 1.142
GA 1153 0.970 0.133 0.004 0.962 0.978
GC 1317 0.954 0.146 0.004 0.947 0.962
GG 1168 0.922 0.145 0.004 0.914 0.931
GT 1101 0.952 0.126 0.004 0.944 0.959
TA 1065 0.973 0.120 0.004 0.966 0.980
TC 1173 0.912 0.131 0.004 0.904 0.919
TG 1305 0.979 0.126 0.003 0.972 0.986
TT 1672 0.932 0.127 0.003 0.938 0.938
N, sample size;R, mean value; S, standard deviation; SR, standard error of
the mean.
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models.
To estimate the values of the shearing forces that act on
DNA molecules in cavitating solution, we used the model
proposed by Thomas (36). This model is generally accepted
for describing the degradation of polymers in cavitatingFIGURE 4 (a–d) Mean values of the relative intensity of cleavage (cleavsolution. Our computation of cavitation bubble dynamics
showed that in the final stage of the bubble’s collapse, the
radial velocity gradient calculated for water flow near the
bubble’s interface exceeded 107 s1. Calculations showed
that such flow gradients are capable of producing stretching
forces acting on a 200 basepair DNA fragment of >3 nN
(unpublished results). Single-molecule studies of variousage rates) for all tetranucleotides. Symbol:-,:,>,B mean value.
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covalent bond is in the nanonewton range and depends
logarithmically on the stretching rate (37). We should note
that single-molecule studies on double-stranded DNA
mechanics have clearly demonstrated the existence of
several stages upon DNA stretching, such as B/S-form
transition and melting (38). Nevertheless, the timescale of
these experiments is approximately seconds, whereas the
impulsive stretching force in cavitation flow acts on time-
scales of several nanoseconds. Hence, we assume that
drastic conformational changes in DNA, such as the B/S
transition, do not occur in this case.FIGURE 5 Schematic representation of a dideoxynucleotide fragment
with notation corresponding to the standard description.What physical properties of B-DNA affect
the ultrasonic cleavage rate?
Two independent features roughly characterize the patterns
of DNA cleavage. The first one is the positional effect: the
intensity of cleavage steadily enhances from the ends of
the restriction fragment to its center (Figs. 1 and 2). This
property of the cleavage pattern likely reflects the mechan-
ical nature of a molecule’s deformation process, which
results in its breakage.
The second and most intriguing feature of the obtained
ultrasonic cleavage patterns is their sequence specificity.
Many of the physical properties of double-helical DNA
depend on the nucleotide sequence. For example, DNA
duplex stability is effectively described by a thermodynamic
approach (e.g., the nearest-neighbor model (39)). However,
ultrasonic cleavage rates are not in line with the values of the
effective free energies of this model. The cleavage rates in
d(CpG) and d(GpC) are significantly different, whereas
the effective free energies of these steps are roughly the
same. On the other hand, the formation of unusual struc-
tures, such as kinks and bubbles, occurs mostly at AT-rich
sites, but according to our data, the DNA cleavage rate at
these sites is not significantly different from the average
level.
We now analyze the relationship between the obtained
sequence-dependent ultrasonic cleavage rates and the re-
ported effects of the sequence on B-DNA conformational
dynamics. A number of conformational motions are coupled
with each other in double-stranded DNA. The most relevant
of these, in the sugar phosphate backbone, is the S4N
interconversion of the deoxyribose ring (40–43) and
BI4BII motion (8,44–46). Sugar ring interconversion is
transmitted to trans4gaucheþ variations of d torsion (see
Fig. 5), influencing the orientation of the C30-O30 bond
(8), which is involved in the cleavage process and also is
coupled with mutual rotation of the sugar around the glyco-
sidic bond (variation of c) (47), as well as with BI4BII
motion (8,48).
The remarkable enhancement of the ultrasonic cleavage
rate in the phosphodiester bond after deoxycytidine addition
is evident from the statistical analysis (Table 1, Figs. 3 andBiophysical Journal 100(1) 117–1254, and Table S1). It is clear that some local property of the
sugar phosphate junction in dinucleotides with deoxycyti-
dine on the 50-end d(CpN) is unique from that of any other
dinucleotide. This assumption is supported by theoretical
and experimental data. Ab initio quantum mechanical calcu-
lations in a previous study (49) revealed the unique proper-
ties of deoxycytidine: the lowest potential energy region for
glycosidic angle c in deoxycytidine is in the anti-region
(relevant to the A-form DNA) for both the Northern and
Southern energy minima of deoxyribose. All other nucleo-
sides in the Southern energy minima prefer the high-anti
region for c. Moreover, conformations of the Northern
region for deoxyribose in deoxycytidine are characterized
by a slightly lower potential energy than in the Southern
region (50). The higher conformational entropy of the
A-form DNA compared with the B-form for the GG/CC
step, which distinguishes it from the AA/TT step (51), is
the consequence of conformational energetics, thus confirm-
ing the unique conformational behavior of deoxycytidine.
Hence, the conformational preferences of deoxycytidine
are out of keeping with the regular conformational charac-
teristics of B-DNA (angle c in the high-anti region,
pseudorotation in the S-region). The lack of consensus
between polymeric regularity and local stability may induce
enhanced conformational S4N motion in deoxycytidine.
In fact, this motion was registered in an NMR 13C spin
relaxation study accompanied by molecular-dynamics (MD)
simulation (52).
Another relevant conformational motion of the sugar
phosphate backbone in B-DNA is determined by the relation
of 3/z torsions and comprises transitions between the canon-
ical state BI (trans/gauche) and the minor state BII
(gauche/trans). The preference in BI/BII conformation
equilibrium is also sequence-dependent (12). A conforma-
tional exchange of the phosphate and deoxyribose groups
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dynamic conformational coupling between equilibriums
BI4BII and S4N in the B-DNA backbone was estab-
lished. The reported statistics on BI/BII equilibrium ratios
in the context of different sequences (12) do not show any
correlation between the percentage of the minor BII state
and the value of the cleavage rate. The high percentage of
the minor BII state in dinucleotides d(CpG) and d(CpA),
which exhibited a high cleavage rate in our experiments, is
also found in d(TpG), d(GpG), d(GpC), and d(GpA), with
an appreciably lower cleavage rate. Moreover, although
the cleavage rate in d(CpT) is high, no cases of BII substate
in d(CpT) have been reported, and d(ApG), which shows
a minor cleavage rate, is characterized by a high percentage
of BII substate. Thus, BI4BII equilibrium in itself does
not account for the enhancement of cleavage intensity in
d(CpN) dinucleotides.
The only peculiarity in the conformational dynamics
of the sugar phosphate backbone that is in line with the
ultrasonic cleavage rates is the enhancement of the S4N
interconversion of the deoxyribose moiety in deoxycytidine.
Hence, the conformational flexibility of deoxyribose is
likely to be the dominant factor affecting ultrasonic cleav-
age rate of DNA.
This enhancement of cleavage may be the result of a
C30-O30 bond reorientation during the S4N interconver-
sion of deoxyribose, because in the N-state this bond tends
to align with the local helical axis of the DNA fragment (see
Fig. 6). When an impulsive stretching force acts on the
molecule, the decrease in the angle between the helical
axis and the particular C30-O30 bond leads to an increase
in the stretching component of its vibrational energy, whichFIGURE 6 Schematic representation of a possible change in the C30-O30
bond alignment during S4N interconversion of deoxyribose in B-DNA.
The fragment of the sugar-phosphate backbone with the N-state of deoxy-
ribose is shown faded, and that with the S-state is bright. The angle between
the DNA helical axis (shown as vertical z axis) and the direction of the C30-
O30 bond is lower in the N-state than in the S-state.may decrease the activation energy of the hydrolysis reac-
tion. The cleavage rate obtained for the d(CpG) dinucleotide
exceeds the relative average level of cleavage by a factor of
1.5. According to the Arrhenius equation, this ratio may be
explained by an additional lowering of the activation barrier
of the hydrolysis reaction by just 0.4 kT.
The ultrasonic cleavage rate in d(CpC) dinucleotide is
sufficiently lower than that in other d(CpN) dinucleotides.
This result may be due to silencing of the S4N interconver-
sion of deoxyribose in sequential deoxycytidines, in accord
with previous NMR data (48). This negative interference
effect may also be the result of the reported positive corre-
lation between the BII conformation and N-type puckering
of deoxyribose on the 50-end of dinucleotide, and the nega-
tive correlation of BII percentages in sequential phosphates.
The assumption of deoxyribose S4N motion suppression
in neighboring deoxicytidines may be also supported by
the results of a statistical analysis of the relative intensities
of the central phosphodiester bond in tetranucleotides
d(N1pCpN3pN4) (Table S2). The results of multiple-
comparison tests (Table S3) show that the cleavage rates R
for tetranucleotides of type d(CpCpN3pN4) are minimal
compared with the cleavage rates of d(N1pCpN3pN4) tetra-
nucleotides. Moreover, among 64 tetranucleotides of type
d(N1pCpN3pN4), the lowest cleavage rate is found in
d(CpCpCpC) (see Fig. 4 and Table S1). Thus, if the intensity
of S4N motion is the dominant factor affecting the ultra-
sonic cleavage rate, the negative interference effect of
BI4BII motion on S4N motion in sequential deoxycyti-
dines is evident.The ultrasonic cleavage rate reflects the
sequence-specific local flexibility of B-DNA
The ultrasonic cleavage rate is modulated by sugar ring
interconversion and also correlates with the local flexibility
of B-DNA. On the dinucleotide level of description, ultra-
sonic cleavage rates are consistent with the range of exper-
imentally obtained step deformabilities: PyPu > PuPu >
PuPy (53). By summarizing cleavage rates R for dinucleo-
tides that form three groups of steps (see Table 1), and
taking into account the different numbers of dinucleotides
included in the steps, we obtain a row of indices (2.32,
1.92, 1.86) that is consistent with the above-mentioned de-
formability range.
The local properties of DNA, such as sequence-specific
conformational dynamics and deformability, are important
factors in the biological functioning of DNA. For example,
an increased nucleosome positioning preference was found
for the periodically repeated tetranucleotide d(CpTpApC)
(54). Our data show that the difference between cleavage
rates in complementary tetranucleotides d(CpTpApC) and
d(GpApTpG) (1.068 and 0.895, respectively; see Fig. 4
and Table S1) is maximal (0.173) among all 16 tetranucleo-
tides with the central d(TpA) step. Therefore, we concludeBiophysical Journal 100(1) 117–125
124 Grokhovsky et al.that the difference in flexibility between complementary
chains is an important factor in the ability to form
nucleosomes.
The obtained cleavage rates for tetranucleotides show
trends that are consistent with previous results from
extended MD simulations (55) and complex investigations
using NMR and MD (56,57). For example, it was shown
that the conformational mobility of CpG is higher in
d(TpCpGpA) than in d(ApCpGpT) (51). The ultrasound
cleavage rates in these tetranucleotides are 1.543 for
d(TpCpGpA), and 1.381 for d(ApCpGpT) (see Fig. 4 and
Table S1). Tetranucleotide d(ApCpGpT) is a part of the
conserved gene promoter cAMP response element (CRE),
which has the sequence d(TpGpApCpGpTpCpA) recog-
nized by a nuclear factor (CREB) that regulates the
expression of many genes. It is well known that the
sequence-specific modulations of DNA flexibility may go
beyond the tetranucleotide level. For instance, the flexibility
of the central CpG step in d(GpApCpGpTpC), according to
NMR and MD data (57), is higher than that of the corre-
sponding site in d(ApApCpGpTpT). In our statistic sample,
these hexanucleotides were met 11 and 9 times, respec-
tively, and the corresponding cleavage rates were 1.61 and
1.32. This result is also consistent with the above-mentioned
findings regarding CRE flexibility.
The presence of islands with a high content of d(CpG)
(possessing the highest value of ultrasonic cleavage rate)
upstream and downstream of structural genes may provide
a mechanism of gene shuffling during evolution. Epigenetic
mechanisms based on d(CpG) methylation (58) may be
a consequence of the unique properties of this step.
The enzyme may recognize the unusual structure of the
d(CpG) dinucleotide and flip cytosines out of the DNA helix
during methylation more efficiently than the other bases.CONCLUSIONS
The effect of ultrasound on a DNA solution leads to
sequence-specific DNA cleavage, as revealed by PAAG
electrophoresis. The sequence specificity of ultrasonic
cleavage is the result of sequence-dependent conformational
dynamics, and is likely modulated by the intensity of the
sugar ring S4N interconversion.
Sequence-specific ultrasonic cleavage rates were ob-
tained for all possible 16 dinucleotide steps, as well as for
all 256 tetranucleotide steps.
We conclude that cleavage rates, as a measure of the local
conformational dynamics of DNA, may be useful for char-
acterizing functional regions of the genome. Each comple-
mentary chain can be characterized independently by the
cleavage rate, and thus the diversity of conformational
dynamics in both complementary chains can be estimated.
Such a numerical evaluation may be useful for identifying
promoter regions in the genome and assessing preferences
for nucleosome positioning.Biophysical Journal 100(1) 117–125SUPPORTING MATERIAL
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